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Abstract
In this study, semiconductive elastomers composed of homopolythiophene with disiloxane moieties were developed. The
crosslinked molecular structure in the polythiophene elastomers was introduced by dicumyl peroxide, one of the typical
peroxide crosslinking reagents. The elastomers were produced through a hot-pressing process above the melting point of the
polythiophene. Stress–strain curves that included tensile tests and cycle loading–unloading tests defined the crosslinked
polythiophenes as elastomers. Their electrical conductivities were evaluated by two-point measurements under
nondeformation and uniaxial deformation states. The results indicated that the concentration of crosslinking reagents
greatly influenced the mechanical and electrical properties of crosslinking polymers. With the addition of the crosslinking
reagent in concentrations from 2.5 phr to 10.0 phr, elongation at break decreased largely from 95% to 51%, while excellent
elastic recoveries were observed. In the electrical resistivity measurements, all the crosslinking polymers possessed high
stability of electrical properties against elongation.

Introduction

Conjugated polymers, such as regioregular poly(3-alkyl
thiophene)s [1, 2] and their copolymers and composites
[3, 4], present comparatively high electrical conductivity
and high field-effect mobility in doped states [5]. In recent
years, they have contributed to the development of electrical
devices such as photovoltaic cells [6], batteries [7], capa-
citors [8], and transistors [9]. As semiconductive polymers
have advantages such as low cost, light weight, excellent
processability, and moldability, they have attracted attention
in the field of materials science and the electrical industry
[10, 11]. These developments and acceptance have attracted
much attention to next-generation flexible and stretchable
devices. Therefore, in these devices, not only high electrical
and optical properties but also robust mechanical perfor-
mance is desired. The mechanical properties of

semiconductive polymers are significant factors in the
application of sheet-type organic solar cells [12], flexible
displays [13], wearable electronic devices [14], and any
other polymer-based semiconductors. For the improvement
of durability and the expansion of applications, polymer
materials with high flexibilities and tensile properties are
indispensable. Therefore, these polymer materials enable us
to design the comparable long-life electrical devices against
mechanical deformation and fracture, such as stretching,
distortion, and bending [15–18].

The use of elastomer composites with inorganic fillers is
one of the conventional methods for flexible electrical
conductive materials. They are produced by mixing the
electrically conductive fillers with nonconductive elasto-
mers in the molten states, using a batch mixer or a molding
compounder. Fillers such as carbon black, metal particles,
and metal-coated inorganic particles are used in the con-
ductive composites. Glass particles coated with silver and
nickel-coated graphite are suggested as fillers for their
high electrical functionality in composites [19]. Thermo-
plastic elastomers such as polyurethane [20] and
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polydimethylsiloxane [21] are used as matrix materials. The
conductive paths caused by percolation between fillers lead
to high electrical conductivity. For high conductivity, large
amounts of fillers loaded in composites are required, while
the excessive amounts of filling materials account for
mechanical defects of the composites [20, 22]. Moreover,
deforming and stretching of electrical devices disconnect
conductive paths in their composites, and these actions are
associated with a significant decrease in electrical con-
ductivity [21, 23]. For high mechanical durability, elec-
trically conductive polymers with single components are
desired.

In recent years, stretchability in semiconductive poly-
mers has been achieved by modification of the molecular
structure by introducing chemical crosslinking groups or by
surface embedding in an elastomer [24]. These stretchable
elastic polymers restrict the running condition of electrical
devices and the structure of device systems. Electrical
conductive elastomers are a promising material for the
development of wearable devices because of the properties
of deformability, shock resistance, chemical resistivity, and
light weight [25, 26].

In our previous work, we synthesized the thiophene
polymer with disiloxane moieties on its side chains (P3SiT)
[27, 28]. The synthesized polymer showed high molecular
weight and highly regioregular molecular structure. P3SiT
performed well with respect to dissolubility in organic
solvent, high mechanical flexibility (over 200% of elonga-
tion at break), and semiconductive electrical performance
[29–33]. Herein, we controlled the structure of molecular
chains of P3SiT through peroxide crosslinking for high
elastic recovery of the polymer. Owing to a glass transition
temperature lower than room temperature, introduction of
chemical crosslinking provided high elasticity (i.e., high
elastic recovery). Therefore, we investigated the electric
properties of crosslinked polythiophenes as well as their
mechanical properties and structure through cycling
loading–unloading tests and X-ray diffraction measure-
ments with synchrotron radiation at SPring-8 BL03XU.

Experimental section

Regioregular poly(3-substituted thiophene) with siloxane
moieties on its side chain (P3SiT) was prepared by poly-
merization of 2-bromo-3-substituted-thiophene with silox-
ane moieties, as in the reported method [28, 29]. The
synthesized P3SiT showed a weight-average molecular
weight of 100k and a molecular weight distribution of 1.30.

The crosslinking of P3SiT was performed using dicumyl
peroxide (DCP) as the crosslinking reagent above the
melting point of P3SiT (Tm= 142 °C) [34]. DCP and 2.0 wt
% P3SiT (0.10 versus 5 g chloroform) were dissolved into

chloroform, and the solution was casted on a PTFE Petri
dish. After the solvent was removed for 48 h at room tem-
perature, P3SiT-DCP cast films with dimensions of 40
mm × 40 mm × 60 μm were obtained. The degree of cross-
linking was controlled by the DCP concentration (2.5, 5.0,
7.5, and 10.0 phr). The P3SiT cast films were heated under
10MPa pressure for 15 min at 150 °C and then for 5 min at
180 °C. Finally, they were quenched by cold water imme-
diately and dried up. To maintain the flatness of the sur-
faces, both sides of the cast film surfaces of the PTFE sheets
were subjected to hot pressing.

Fourier transform infrared (FT-IR) absorption measure-
ments were performed with an FT-IR microscope (IRTra-
cer-100, AIM-9000; Shimazu. Co. Ltd.) in the transmittance
mode. Two-dimensional X-ray diffraction measurements
were performed on a synchrotron radiation accelerator at
SPring-8 BL03XU (wavelength of X-ray beam: 1.0 Å;
camera length: 0.60 m) with a Pilatus3 1M detector (Dec-
tris), and the exposure time was 1.0 s. The X-ray diffraction
measurement (XRD) was performed with symmetrical
reflection geometry and Cu Kα radiation (RINT 2000;
Rigaku). The X-ray beam was generated at 40 kV, 20 mA.
Differential scanning calorimetry (DSC) profiles were
recorded on a Rigaku DSC8230 with a scan rate of 10 °C/
min under dried nitrogen. Dynamic mechanical analysis
was performed on a DVA-200 instrument (itk Co. Ltd.) in
tensile mode, and the storage modulus, the loss modulus,
and the mechanical tanδ of the P3SiT samples were deter-
mined as a function of temperature. The initial lengths were
20 mm, and the thicknesses were 60 μm. The maximum
strain was 150%, and the frequency was 2 Hz. In tensile
tests, an Autograph AG-X plus (Shimadzu Co. Ltd) was
used for investigating the mechanical performance of
crosslinked P3SiT. The tensile test samples were trimmed to
dimensions of 40 mm × 5mm (half the size of the grabbing
part) and were tensiled at the speed of 5 mm/min. Cycling
tests were also performed by the tensile testing machine.
The loading strain at first setting was 10%, and it was back
to 0% immediately. Then, the value of the next loading
strain was increased by 10 points relative to the previous
strain. The strain history was from 0, 10, 0, 20, 0, 30%, etc.
The electrical resistance of crosslinked P3SiT films was
measured in ambient atmosphere by two-point measure-
ments using a Keysight Technologies B1500A with voltage
ranges of −30 to 30 V. VEC-40K (Ayumi-ind) was utilized
to deposit Au electrodes onto polymer cast film surfaces
under vacuum. The gaps between electrodes with a length
of 30 mm were 110 μm on average, and the thicknesses of
the electrodes were controlled to be 200 nm. The electrical
resistivity (R) of these samples as a function of voltage was
calculated by Ohm’s law. The average values in the range of
the electrical resistivity plateau were employed as the
experimental results of these samples.
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Results and discussion

High-molecular-weight regioregular poly(3-substitude
thiophene) with siloxane moieties (P3SiT) was polymerized
by the Kumada coupling reaction based on a nickel(II)
catalyst [28, 35], and cast P3SiT was crosslinked by hot
pressing with various amounts of DCP crosslinking
reagents, as shown in Scheme 1. Crosslinked P3SiTs were
insoluble in chloroform and any other common organic
solvents, which were good solvents for P3SiT, as shown in
Figure S1 in the Supporting Information. The degree of
swelling of crosslinked P3SiT with chloroform for 48 h at
room temperature was evaluated. The results are shown in
Table S1 in the Supporting Information. The high con-
centration led to the lower degree of swelling. In addition,
FT-IR measurements of P3SiT with or without crosslinks
were performed in order to investigate changes in the che-
mical structure. From the FT-IR spectra in Figure S2, the
chemical structure of the main chains of P3SiT remained.
These results suggested that the intermolecular crosslinks of
P3SiT were constructed.

In our previous works [29], we have reported that P3SiT
with more than 200% tensile elongation before fracture was
a crystalline polymer, an observation that was based on X-
ray diffraction measurements, as shown in Figure S3 in the
Supporting Information. To investigate the crystallinity of
crosslinked P3SiTs, we evaluated X-ray diffraction photo-
graphs of crosslinked P3SiT with synchrotron radiation at
SPring-8 BL03XU. The X-ray diffraction photographs are
shown in Fig. 1. In the photographs of all the undrawn
crosslinked P3SiTs, Debye–Scherrer rings originating from
(100) planes were observed. These mean that even after
crosslinking, slight amounts of P3SiT crystallites were
maintained. As the degrees of crosslinking were increased,
the Debye–Scherrer rings were distracted. Their profiles are
shown in Fig. 2. Compared with noncrosslinked P3SiT,
much weaker and broader diffraction peaks originating from
100 reflection was observed at 2θ= 4.3° in the profiles of

crosslinked P3SiTs. However, the shift of the 2θ angles of
the 100 reflection by crosslinking was quite small. These
results also supported that the crystalline structure of P3SiT
was partially destroyed by the crosslinking process, but the
crystal structural lattice itself remained unchanged. There-
fore, in the DSC thermograms of the crosslinked P3SiT in
Figure S5 in the Supporting Information, the melting peak
areas were decreased, and the temperature became lower
with increasing DCP concentration. In addition, the crys-
tallite size was evaluated from Scherrer’s equation, and the
data are shown in Table S2 in the Supporting Information.
The crystallite size of crosslinked P3SiT with various DCP
concentrations tended to decrease.

Figure 3 shows the temperature dependence of the sto-
rage modulus (E′), the loss modulus (E″), and the
mechanical loss tangent (tanδ) of crosslinked P3SiTs. The
broader peaks of the tanδ curves resulted from primary
transitions of molecular chains accompanied by large drops
in the storage modulus. Several factors are considered to
contribute to these broadenings, such as inhibition of
molecular motions by crosslinking and reduction of crys-
tallinity. As a result, their Tg values were observed at around
−2 °C, which were higher than that without crosslinking
(Tg=−10 °C). The glass transition temperatures (Tg) of
crosslinked P3SiTs with various DCP concentrations are
shown in Table S3 in the Supporting Information. Never-
theless, even after crosslinking, all the Tg values of the
crosslinked P3SiTs were still much lower than room tem-
perature, which suggests the polymers remained in the
rubber state at room temperature. The E′ of crosslinked
P3SiT at room temperature decreased with the addition of
DCP. This is because the formation of the crosslinked
structure decreased the crystallinity of the P3SiTs, which
would make the crosslinked P3SiTs more elastic. The
crystallites of P3SiT took a dominant role in controlling the
mechanical properties. Therefore, the mechanical behavior
of the crosslinked P3SiTs was different from the conven-
tional rubbers comprised of amorphous polymers.

Dicumyl peroxide (DCP)

O
O

CH3

CH3

H3C

H3C

Scheme 1 Crosslinking of
P3SiT with DCP
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The stress–strain curves of crosslinked P3SiTs with dif-
ferent DCP concentrations are shown in Fig. 4. Introduction
of crosslinks made the Young’s modulus (E), the tensile
strength (σmax), and the elongation at break (εmax) of the
crosslinked P3SiTs lower compared with those of the P3SiT
before crosslinking, as shown in Table 1. As described
above, these results were attributed to the lowering of
crystallinity through crosslinking. The addition of cross-
linking reagents restricted the tensile strength and the
elongation of the crosslinked P3SiTs. In contrast, the high
degree of crosslinking provided not only a lower Young’s
modulus but also the disappearance of yielding points. Even
in the crosslinked P3SiT with the minimum DCP con-
centration (2.5 phr), the tensile fracture occurred at 95%

elongation. When the addition of DCP was up to 10.0 phr,
the elongation at break was down to 50%. These elonga-
tions were much larger compared with that of poly(3-hex-
ylthiophene) (P3HT), which has been accepted as a
conventional hole transfer electronic material in organic
devices. This comparison suggested that P3SiT, even after
crosslinking, possessed enough potential in flexibility and
stretch properties.

To further investigate the elastomeric performance of
crosslinked P3SiTs, we measured their repeated
loading–unloading tensile tests. These results are repre-
sented in Fig. 5 and Figure S6 in the Supporting Informa-
tion. P3SiT demonstrated high elastic recovery only below
10% of the tensile strain and completely lost that over 50%
[29], whereas crosslinked P3SiTs maintained high elastic
recoveries until broken because of their crosslinked mole-
cular structure. The elastic recovery was 40% for P3SiT
with 2.5 phr DCP after 90% strain. Moreover, that with
DCP 10.0 phr was nearly 0% even after 40% strain. Thus,
the crosslinked P3SiT with 10.0 phr DCP showed almost
perfect recovery every time after loading. These results
suggest that introduction of chemical crosslinking is a rea-
sonable method for achievement of high elasticity and
recovery in polythiophene derivatives.

Crosslinked P3SiT films with Au electrodes were pre-
pared, and the current–voltage curves were obtained by
two-point measurements. We investigated the influence of
crosslinking and mechanical deformation on the electrical
properties of the elastomeric crosslinked P3SiTs, which
were composed of only thiophene homopolymer. In
Table 2, we summarize the electrical resistivity (R) and
sheet resistivity (Rs) of crosslinked P3SiTs with various
DCP concentrations and mechanical states. We measured
current–voltage curves of samples in nondeformation states
and approximately 50% elongated states. The samples in
nondeformation or elongation states were fixed on silicon
wafers before deposition of Au electrodes on surfaces.
Measurements of the elongated samples were carried out in
the direction parallel to elongation. We failed to measure
the conductivity of crosslinked P3SiTs with 10.0 phr in
elongation states: the sample could not maintain a
mechanical steady state, and it cracked after vapor deposi-
tion. The electrical conductivities of crosslinked P3SiTs
showed a decreasing tendency with the addition of DCP.
The Rs values of samples with DCP concentration were
from 102 to 105 times higher than that of the noncrosslinked
one. This could be attributed to the formation of inter-
molecular crosslinks and lower crystallinity. Therefore, we
have considered that the higher crystallinity and control of
crosslinking in P3SiTs could improve their electric prop-
erties. Moreover, compared to the reported conductive
polymer materials and composites [36–38], the electrical
resistance remained relatively constant with or without

(a) 2.5 phr (b) 5.0 phr

(c) 7.5 phr (d) 10.0 phr

(100)

Fig. 1 X-ray diffraction photographs of crosslinked P3SiTs with var-
ious DCP concentrations
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Fig. 2 X-ray diffraction profiles of P3SiT (gray) and crosslinked P3SiT
(black) with DCP (7.5 phr)
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mechanical elongation. Owing to their thiophene-only
composition, mechanical deformation had little influence
on electrical conductive paths in crosslinked P3SiTs.
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Table 1 Mechanical properties of cast and crosslinked P3SiTs with
various DCP concentrations

DCP concentration (phr) E (MPa) σmax(MPa) εmax(%)

0a 43.0 6.0 226

2.5 13.1 5.1 95

5.0 7.0 4.7 91

7.5 5.9 3.9 87

10.0 1.8 1.3 51

aRef. [6]
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Conclusions

We synthesized peroxide-crosslinked thiophene polymers
by hot pressing, using DCP as the reagent. The weak peaks
assigned to the (100) plane emerged by X-ray diffraction
profiles. However, the inherent crystalline structure of
P3SiT mostly disappeared by the introduction of crosslinks.
Therefore, crosslinked P3SiT showed a lower Young’s
modulus (E= 1.8–13.1MPa) but larger elongation at break
(εmax= 51–95%) relative to P3HT, and it showed greater
elastic recovery compared to that of the noncrosslinked one.
Crosslinking brought P3SiT higher elasticity in mechanical
properties. The crosslinked P3SiT presented steady elec-
trical properties against mechanical deformation. Peroxide
crosslinking is indicated to be a desirable method to control
mechanical properties of thiophene polymers, and cross-
linked polythiophene elastomers are promising materials in
flexible organic solar cells and wearable devices.
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